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Abstract  
This article presents a fabrication of junctionless sub-micron silicon wire based device by means of atomic force microscope 
nanolithography for carbon dioxide and nitrous oxide gas detection. The final product was obtained after a sequence step of silicon 
and silicon dioxide etching process. The device consisted of three parallel sub-micron silicon wires which connected to two adjacent 
contact pads. The obtained silicon wires width ranging between 233 nm to 340 nm which fabricated under a controlled environment. 
This experiment utilized the use of silicon-on-insulator wafer as a raw material and atomic force microscope nanolithography as a 
method to fabricate the device structure. The bare device was electrically characterized using semiconductor parameter analyzer 
and behaved as a resistor where there was a current flow from one contact point to another contact point. The functionality of the 
fabricated junctionless device was prolonged by tested the device under gaseous environment at room temperature. The device 
resistivity was increased upon exposure to both target gases compared with before gas exposure. The response time and recovery 
time of the device was observed to be less than 1 minute for both target gases. The fabricated junctionless sub-micron silicon device 
showed higher sensitivity to carbon dioxide gas which calculated to be 138 %. 
© 2015 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Silicon is a low cost raw material and commodity material in the microelectronics industry and allows sub-
nanometer changes detection in the physical structure [1]. Silicon nanowires (SiNWs) show a lot of unique electrical, 
physical and optical properties compared with their bulk properties [2,3,4]. SiNWs have two quantum confined 
directions compared with other low dimensional structures. In SiNWs structure, one unconfined direction is leaving 
for the electrical conduction [5]. New types of nanodevices such as nanoelectronics, nanosensors, nanoscale energy 
conversion and storage, light-emitting diodes and many other applications [2,4] are able to develop because of the 
SiNWs properties such as more sturdy and resilient. Moreover, SiNWs are explored as biological and chemical sensors 
due to high surface-to-volume ratio, fast response time, reliability of the electronic readout, high sensitivity and 
biocompatibility [6,7,8].  
In addition, SiNWs have been used to detect various target samples. For example, SiNWs application in chemical 
and biological species detection is first reported by Lieber’s group [9]. Other research on SiNWs for DNA detection 
are reported by [8,10,11,12,13,14]. The SiNWs based devices are also used to detect enzyme and measured the 
different concentration of nitrobenzene and phenol in cyclohexane solution as reported by [3] and [15], respectively. 
[16] and [17] reported on the protein detection by using SiNWs based device. Detection of antibody by silicon 
nanowires structures is demonstrated by [18]. [6] demonstrated the use of SiNWs as temperature detector while [2] 
reported on the application of SiNWs as solar cell. Moreover, smoke and water vapor are also detected by using SiNWs 
as reported by [19]. Meanwhile, the detection of NH3, NO and NO2 by using SiNWs based device have been 
demonstrated by [20,21,22], respectively.  
Moreover, silicon nanowires can be produced by using bottom-up or top-down methods [8,9,19,23,24]. The growth 
technique which is classified as bottom-up method is possible for small silicon wires mass production [23]. By using 
this method, most challenging of lithography fabrication steps can be eliminated because the SiNWs are produced 
without lithography process [24]. In contrast to bottom-up method, the top-down method is more complexes in 
combination of the lithography, deposition and etching process to pattern the SiNWs [23,24]. The dimension of the 
SiNWs produced by top-down method relies on the ability of high resolution lithography performance such as standard 
photolithography [25], deep ultra violet lithography [6,11,14], electron beam lithography [12,18,26], atomic force 
microscope (AFM) local anodic oxidation [27] and nanoimprint lithography [7,15]. 
In addition, a device without any junction is called a junctionless device. This type of device allows single species 
of a same dopant concentration in source, drain and channel [28]. Therefore, the junctionless based devices are differed 
from those ancient devices which are based on the junction formation such as diode, junction field effect transistor, 
bipolar junction transistor, metal oxide semiconductor field effect transistor and metal semiconductor field effect 
transistor [29]. Junctionless based device is first patented by Julius Edgar Lilienfield on 1925 in a form of transistor. 
The Lilienfield transistor is a simple resistor which is allows device conductivity to be modulated by controlling the 
carrier density using a gate [29].  
In this article, the fabrication of junctionless sub-micron silicon wire by means of atomic force microscope 
nanolithography will be reported. In addition, the electrical characterization and performance of the fabricated 
junctionless sub-micron silicon based device in the target gaseous environment at room temperature will also be 
included. 
2. Experimental 
This research involved the uses of P-type [100] crystal orientation silicon-on-insulator, SOI wafer (SOITEC), 
standard atomic force microscope (SII Nanotechnology Inc.) and precision semiconductor parameter analyzer, SPA 
(Agilent). The research was also supported by the use of tetramethylammonium hydroxide solution, TMAH (25 %) 
for silicon etching process and other electronic-grade chemicals for sample cleaning process. Two gases were selected 
as target gases which were Carbon Dioxide (CO2) and Nitrous Oxide (N2O) gas for the device testing. The target gases 
flow rate were controlled using mass flow controller (SmartTrak® 100 Mass Flow Meters & Controllers, Sierra) 
during testing procedure. 
The device fabrication process was divided into four steps which were cleaning process, oxidation process, silicon 
etching process and oxide removal process. For the fabrication process, the ready-to-use SOI wafer which doped with 
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1015 cm-3 of boron concentration and had an initially 100 nm single-crystal silicon layer on top of 200 nm of buried 
oxide and bulk silicon substrate was used. Prior to the device fabrication, the SOI wafer was first cut to the desired 
size approximately 1 cm x 1 cm and cleaned using the standard RCA cleaning process. After cleaning process, the 
fabrication process was performed based on the AFM local anodic oxidation technique. The overall gold-coated AFM 
probe tip with 13 kHz resonant frequency and 0.2 N/m force constant was used for the device fabrication and surface 
characterization process. The fabrication process was also supported with several important parameters such as 
temperature, relative humidity, applied voltage and writing speed. The temperature was set between 21 °C and 27 °C 
while the relative humidity was set between 50 % and 70 %. Meanwhile, the applied voltage and writing speed were 
set to 9 V and 2 μm/sec, respectively. At this stage, a very thin of oxide layer which less than 4 nm of desired pattern 
was produced on top of the silicon layer. This oxide layer will serve as a masking layer for the next step which is 
silicon etching process step. The silicon etching process was performed after AFM local anodic oxidation by using 
TMAH solution heated up to 65 °C. This process is necessary to transfer the oxide pattern to the underlying silicon 
layer. The sample with oxide pattern was immersed into the heated TMAH solution for 20 s to remove the uncovered 
oxide silicon area and left the oxide-covered silicon area. The buried oxide layer of SOI wafer will serve as a stop 
layer during this process. After silicon etching process, the thin oxide layer which served as a masking layer was 
removed using 2 % hydrofluoric acid. The sample was immersed for 30 s and this process was performed at room 
temperature. 
The characterization of the fabricated device was divided into two categories which were physical characterization 
and electrical characterization. The physical characterization was performed using AFM after each step of the 
fabrication process. The same procedures during oxidation process were applied and the same probe tip was used for 
the physical characterization process. However, no voltage was applied in the physical characterization process to 
avoid any modification to the patterned structure. Meanwhile, the electrical characterization for the final bare device 
and tested device was performed at room temperature by using SPA. The gas flow rates were controlled as denoted in 
Table 1 for the target gases detection. In addition, the exposure time of the target gases was set to 1 minute for both 
target gases. 
       Table 1. CO2 and N2O gas flow rate for the device testing. 
Scheme CO2 gas flow rate (sccm) N2O gas flow rate (sccm) 
Low (L) 9 8 
Medium (M) 39 37 
High (H) 105 107 
3. Result and discussion 
This section will be divided into two parts. Part one refers to the fabrication and physical characterization of the 
device. Meanwhile, the electrical characterization of the fabricated device will be included in part two.  
3.1. Fabrication and physical characterization of the device 
Fig. 1. (a) shows the AFM image of the device structure after local anodic oxidation process. In this study, device 
with three parallel silicon wires was fabricated by means of AFM local anodic oxidation technique. This three parallel 
silicon wires served as channels for electrons to flow and connected to the two adjacent contact pads which served as 
probing pads during electrical characterization. The oxide heights obtained in this study were 2.39 nm, 2.26 and 2.36 
nm, measured from left to right (as shown in Fig. 1. (b)). These values are slightly lower but comparable with research 
work reported by [30]. They observed 2.8 nm of oxide height which fabricated with greater applied voltage (-10 V) 
and slower writing speed (1 μm/sec) compared with the oxidation parameters used in this study.  
The silicon etching process took place after AFM local anodic oxidation process. In this study, TMAH was used 
as an etchant to remove the unwanted silicon area and the patterned oxide will serve as a masking layer during this 
process. Due to high selectivity of the etchant solution to the silicon layer, therefore the silicon layer will be removed 
significantly rather than the patterned oxide layer. Moreover, this etchant helps to smooth the silicon wire surface by 
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reducing the actual surface area for the target gas adsorption [20]. The AFM image of the device after silicon etching 
process is denoted in Fig. 2. (a). Silicon dioxide etching process is necessary after top silicon layer etching process. 
This process removes the patterned oxide layer which serves as a masking layer during the top silicon etching process. 
Besides that, this process helps to promote chemical species adsorption on the silicon wire surface as reported by [31]. 
In addition, diluted hydrofluoric acid was used to remove the masking silicon dioxide layer and prepared the device 
for the electrical characterization. The AFM image after silicon dioxide etching process is shown in Fig. 2. (b).  
Table 2 depicts the summary of structure measurement for the fabricated silicon wire after oxidation process and 
silicon dioxide etching process which measured from left to right. Note that the measurement for wire height was 
performed using AFM after oxidation process (in-situ process) while the measurement for wire width was performed 


























Fig. 2. (a) AFM image after silicon etching process; (b) AFM image after silicon dioxide etching process. 
 
Table 2. Summary of structure measurement of the fabricated silicon wire device. 
Structure After oxidation process (nm) After silicon dioxide etching process (nm) 
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3.2. Electrical characterization of the device 
Electrical characterization of the fabricated junctionless silicon based device was performed using SPA to measure 
the current-voltage (I-V) properties of the device. In this study, two sets of device (with the same structure) were 
prepared for different target gases detection. Each device was dedicated to each target gas and separately tested in a 
closed chamber at room temperature. For the bare device testing, both devices behaved as a resistor where there was 
a current flow from one contact point to another contact point. Fig. 3. (a) shows the device (namely as 3w_C) response 
to CO2 gas for 1 minute exposure time at room temperature while Fig. 3. (b) denotes the device (namely as 3w_N) 
response to N2O gas for 1 minute exposure time at room temperature. The response graph showed that the current of 
the fabricated junctionless silicon based device decreased upon exposure to both target gases compared with before 
target gases exposure. The recovery time was less than 1 minute for both target gases. However, the fabricated device 
tends to saturate after several cycles of gas exposure for both gases and partially recovered after 1 minute exposure 
time. 
In addition, CO2 gas is a mild oxidation agent which is holes donor (electrons withdraw) to the junctionless silicon 
wire device surface while N2O gas is a strong oxidation agent which is electrons withdraw (holes donor) from the 
junctionless silicon wire device surface [32,33]. From the previous reports, an exposure of p-type semiconductor to 
oxidizing gas will increase the device conductivity [15,34]. However, in this study, an opposite phenomenon was 
observed for both CO2 and N2O gas testing based on the electrical testing result. The current of junctionless silicon 
wire device decreased upon exposure to both target oxidizing gases (CO2 and N2O). This reverse phenomenon was 
also observed and reported by [35]. They observed that the resistance decreased when their ZnO structure (n-type) 
was exposed to NO2 gas (oxidizing gas). In principle to their study, an increase of resistance was normally observed 
for ZnO structure upon exposure to an oxidizing gas and a decrease of resistance was normally observed upon 
exposure to a reducing gas. This result shows that each sensing device possesses its own characteristic which is 
dependent on various factors. For the fabricated junctionless silicon wire device, this device characteristics is contrary 
to the principle of p-type semiconductor when exposed to the oxidizing gas but possible to work in opposite way 
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Fig. 3. (a) Device response to CO2 gas at different gas flow rates; (b) Device response to N2O gas at different gas flow rates. 
 
The device sensitivity is defined as the ratio of current change over ambient condition as expressed in equation (1) 
where ΔI is the current changes before and after gas exposure, I is the current acquired before gas exposure and Ig is 
the current acquired after gas exposure [31]. The response time is defined as the time needed for a sensor to response 
from zero to a certain value of concentration at a step concentration change. Meanwhile, the recovery time is defined 
as the time taken for the sensor to return its signal to the initial value from a certain value of concentration to zero 
after a step concentration change [36]. The average of device sensitivity to both CO2 and N2O gas at various target 
gas flow rates is exhibited in Table 3. Highest sensitivity value was observed upon exposure to CO2 at high gas flow 
rate but lowest sensitivity value was observed upon exposure to N2O gas at the same gas flow rate scheme. In addition, 
the sensitivity value was increased when the gas flow rate was increased for CO2 gas. However, the opposite trend 
was observed for N2O gas. 
 ( ) g
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Table 3. Average of device sensitivity to both target gases (in percentage). 
 L M H 
Carbon dioxide 47.7 81.0 138.0 
Nitrous oxide 52.2 21.9 21.4 
4. Conclusion 
In conclusion, the junctionless silicon wire was successfully fabricated by means of atomic force microscope 
nanolithography with wire width ranging from 233 nm to 340 nm. The junctionless device was successfully tested in 
different target gases at various gas flow rates for 1 minute exposure time. The device response to the target gases 
proof that the fabricated junctionless silicon based device was able to detect carbon dioxide and nitrous oxide gas at 
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recovery was observed for both target gases. In addition, higher sensitivity was observed for high gas flow rate for 
carbon dioxide gas which was 138 %.  
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